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Abstract
Thispaperexplainsastudyonseveralphotodiodessensorsincludingcurrentmirroramplifiers.
ThesephotodiodeshavebeenfabricatedusingaCMOS0.6micrometersprocessfromAustria
MikroSysteme(AMS). Eachsensorpixelin thearrayoccupiesrespectively,Immx Imm
area,0.5mmx O.5mmareaand0.2mm0.2mmareawithfill factor98% andtotalchiparea
is 2 squaremillimeters.Thesensorpixelsshowa logarithmicresponsein illuminationand
arecapableofdetectingverylowgreenlightemittingdiode(lessthan0.5lux).Theseresults
allowusingoursensorinnewGammaCamerasolid-stateconcept.
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INTRODUCTION
CMOS (Complementary Metal
OxidizesSemiconductor)Sensorsintended
forimagerycausemuchinterestforindustrial
applicationsandresearch.Sensorsbasedon
thistechnologyexceedthetraditionalsensors
basedon CCD (ChargeCoupledDevice)
technology.CMOS sensorsoffer many
advantages.It offersweakmanufacturing
costcomparedto a CCD sensor,integration
facilityof multiplefunctionalitiesintended
for imagery,high spaceresolution,and
pixelsrandomaccess.Somedisadvantagesof
CMOSsensorscomparedtoCCD sensorare
noiseofreadingwhichismoreimportantand
sensitivitywhichis lessimportant.CMOS
imagingsensorsuseactiveorpassivepixels,
asdepictedinFigure1andFigure2.Active-
pixel sensors(APS) includeamplification
circuitryineachpixel.
Active-pixelsensorsmakeuseofactive
transistorto buffersignaloutputwithinthe
pixelsanddrivethereadoutcircuitryof the
pixelarrays.Thearraythemselvescanbemade
veryflexible.Currentlyunderconsideration
Figure1.CMOSSensorswithPassivePixels
Figure2.CMOSSensorswithActivepixels
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Figure3.IntegrationModeOperation
is anarrayof active-pixelsensorsthatcan
bereadoutonerowata time.A columnof
rowregistersaddresseseachof thepixelsin
a row,eachof whichthensendsoutputoa
bottomrowof columnregistersandadjacent
analogcircuitry.Thepixelcircuitrycanuse
thisphoto-current.The photocurrentof an
ordinaryphotodiodeis verysmall;a charge
integrationbasedoperationis commonin
manyactivepixelsensors.In thiscontextwe
designedanewCMOSimagesensorarraythat
presentedinthisarticle.Operationofcurrent
mirroris introducedin thesecondsection.
The thirdandfourthsectionsdescribethe
designof CMOSActivePixelSensorusing
current-mirrorcircuit.In the fifth section,
thepaperconcludeswithfabricationandtest
resultsabouthisnewsensor.
RESEARCH METHODS
Thefirstresearchphaseof thisdesign
is the designof current-mirrorto sensor
photodiode.Thesecondphaseis simulation
of thecurrent-mirrorusingmentorgraphic.
Furthermore,designof the layerstructure
photodiodeevaluatesseveralsizes:I mmx
I mm,500mmx 500mm,200mmx 200
mm.Theobjectiveistoidentifythebestlight
sensitivityofthesesensorsmeasure.Thenext
phaseis to unitethecurrent-mirrorcircuit
withphotodiodeto forma pixel.Pixelsthat
havebeenputtogetheranddesignedforthe
fabrication,all this is doneusingmentor
graphicsoftware.The finalstepis testing
andanalysisofpixelfabricationresults.
DISCUSSION
TheOperationofCurrentMirror
Thebasicideaofthedesignisillustrated
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in Figure3. ThecapacitanceC consistsof
the capacitanceof any connectedevice
atthenodeV plusthephotodiodejunction
capacitanceitself.When light illuminates
the photodiode,the reversephotocurrent
dischargestheoutputnodeV, thereforewe
canwriteEquationI. Foran+- pdiodewith
ND » NA, thejunctioncapacitanceisgiven
byEquation2. In Equation2,A is thediode
area,NA is theacceptorconcentrationinthe
substrate,andND isthedopingconcentration
of then+region.CombiningEquationsI, 2,
andintegratingwe findEquation3, where
Vb' is thebuilt-involtage, andV t is theI rese
resetreservebias.Solvingfor Vet),we get
Equation4.
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WhenVet)is plottedasa functionof
time,linearityin theoutputisobservedfora
timeperiod.Worthynotingis thatsinceipholo
oc loA, thedependenceon photodiodeare
cancelsout.In general,a largephotodiode
areawithhighfill factorisdesired.Theseare
severaladvantagesinusingintegration-mode:
chargeintegration,low parasiticon sense
node,voltagemultiplexing,no kT/c noise
andlowdarkcurrent.Ontheotherhand,the
disadvantagesaresmallerfill factorandmore
complicatedaddressing.
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Figure3.CurrentMirrorPrinciplesinnMOS
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Current-ReadoutPixelsOperation
Figure4.CurrentMirrorPrinciplesinpMOS
Currentreadoutactivepixelsensorsare
inherentlyadvantageousin termsof readout
speedbecausethefixed outputline voltage
atinputof trans-resistanceamplifierprevents
charge-dischargephenomena.Anotherbenefit
of currentreadoutis current-modeprocessing
which is relatively compact in size and
simplein itsoperations.In current-mode,the
photo-currentof detectorcanbemirroredand
readoutdirectly.
TheCurrentMirror
Thecurrentmirroris oneof themost
usefulbasisblockin analogdesign.In its
mostsimpleconfiguration,it consistsin two
MOSdevicesasinFigure3andFigure4.
A currentIref flowingthroughthe
nMOS deviceMI is copiedto thenMOS
deviceM2. If thesizeof MI andM2 are
identical,in mostoperatingconditions,the
currentarethesame.Theremarkablepoint
is thatthecurrentis almostindependentof
thedrainvoltageof theM2 V2. if theration
WIL oftheM2is 10timestheratiooftheM I,
thecurrenton therightbranchis 10times
thecurrenton theleftbranch.Theformula
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whenMI operatesin saturationis shownin
Eq 5 below.Equation6 and7 showsif M2
operatesinsaturation.
Iref=II=~'(~)(vGSI-VTHj(I+AVDsl) (5)
VDSI =VGSI =VGS2
k '=currentgain.
Ioul=h=~('r)~GS2-VTH)(l+AVDS2)(6)
loo'~IJ If)Q+1.VDS2}
(!)(I+AVDSI)
(7)
The Design of Current-mirror CMOS
Pixels
Figure5 showsa blockdiagramand
Figure6 showslayoutof smalltestchip
implementedin a standard0.6~mCMOS
process.This is thefirststepto realizea
gamma-cameraon-a-chip.Thechipconsists
mainlyof current-mirroractivepixelssize:
(a) IxI mm2(thetwopixels),(b)500x500
~m2(thefourpixels)and(c)200x200~m2
(the eightpixels),eachconstitutedof a
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Figure5. BlockDiagramof Current-mirror
CMOSPixels
Figure6. Layoutof Current-mirrorCMOSPi;
photodiodewithcontrolswitchandcurrent cathodeofthephotodiodeconsistofasquare
outputamplifyingcircuitry. of diffusionconnectedon all its circum-
ferenceby a wholeof contactsconnected
in crown.Thisprovisionmakesit possible
toreducetheresistanceof thecontacts.The
anodewascarriedoutby surroundingthe
photodiodeof a ringof polarizationof the
substrate,thisto limit theresistive ffects
of thesubstrate.Thecontactsof thesetwo
crownsarecarriedoutwith theminimum
stepauthorizedbytechnology.
PixelCircuit
Thepixelcircuitis shownin Figure
7. Here,thecurrentmirror(MI andM2) is
designedsuchthatW2 =2xWI. Thephoto-
currentisthusamplified10times.
Theoutputcurrentgainof thissimple
currentmirror is finite,as a result.For
increasingof currentgain,in this design
weaddedonnMOS-pMOScombinationof
current-mirrorcircuits.M9 isusedasswitch,
whenCOM(M9)ison,pixelcurrentisoutput
tothecolumn,asinFigure8.
Wecreateof photodiodetypeN asin
figure9.Thecathodeof photodiodeN, the
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Simulationand Layout Current-Mirror
CMOS circuit
For the simulationof our circuit
current-mirrorCMOS, we calledupona
softwareof computer-aideddesigncalled
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Figure7.Pixelcircuit.
Figure9.Layoutof PhotodiodeTypeN.
MentorGraphics.By the intennediaryof
thesoftwareDesignArchitectversionAMS
(AustriaMilcroSystem),wecancarryoutthe
seizureof ourdiagramselectronicsdirectly
in technologyCMOS. Accusimenablesus
to simulateourdiagramscarriedout.After
thatweusethesoftwareIC-Stationversion
LY or PR for thedesignof thelayoutof
electronicdiagrams.Giventhecomplexity
of thesoftwareIC-Station,wehavecreated
manual,allowingtheusertofamiliarizeitself
withthemanualroutingsuggestedbyAMS.
Thetechnologyusedis atechnologyCMOS
of 0.6micro.To beabletoprocessthedata
providedbythephotodiode,wetestedcircuits
allowingtheamplificationandtheselection
of oursignal.
In Figure 10, we addedtwo more
CMOS(nMOS(MlO)andpMOS(MIl». Its
aimistoseetheoutputofthiscircuits,before
or aftertheamplifying.Thecircuithastwo
switch(swandcom)andtwooutput(direct
andsortie).Figure11isdiagramof layouthe
current-mirrorwithcombinationMOSand
pMOS.
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Figure8. Current-Mirrorwith Amplifying
Nmos-PmosCombination.
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Figure10.Current-MirrorCircuitswith
CombinationNmosandPmos.
The circuitoperationis verysimple.
First,thecurrentIphotopassesthroughMI
andismirrortoM2usingcurrentmirror.Ifthe
HIGH signalisgiventoswitchSWandCOM,
theresultsobtinedattheoutputDIRECT,that
isbeforethecurrent.Iphotoisamplifiedbythe
current-mirrorwithcombinationMOS and
pMOS.If theLOW signalis giventoswitch
SWandCOM,theresultsatoutputSORTIE,
thatisafterthecurrentIphotoisamplifiedby
thecurrent-mirrorwithcombinationMOS
andpMOS.
For simulationpurpose,we useda
calibratedcurrentof OAwith200nA.From
theresultsof simulation,it is visiblethat
thecurrent-mirrorcircuitwithcombination
nMOSandpMOStoachievea highcurrent
gam.
FabricationandTestResults
Figure12showsablockdiagramand
Figure13 showsphotographof smalltest
pixelsimplementedin a standard0.6 J.lm
CMOSprocessfromAMS. Thechipconsists
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Figure11.Diagramof LayoutTheCurrent-Miror
withCombinationNmosandPmos
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Figure11.Diagramof LayoutTheCurrent-Miror
withCombinationNmosandPmos
Figure13.PhotographofphotodiodeSensors
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Table J .The measurementcharacteristies
Parameter I ResultTechnology 0.6~mCMOS. 2-layerMetal
et I-layer Poly
Diffusion N+/P Substrat
2mmx2mm
( mmx (mm,0.5mmx 0.5
mm
and 0.2 mm x 0.2 mm.
98%
700nm(RED)and585nm
(GREEN).
5Volt
Loearitmie
Photodetector
SensorArea
PixelPitch
Fill Factor
SpectralRespon
Power Supplay
ResDonsein Illumination
1Figure 14.OutputSignalof Pixelswith GreenLED lux
Figure 15.OutputSignalsof PixelswithRedLED Lux
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Figure16.PhotocurrentinDynamicMode
with1mmxl mmAreaUsingGreenLED
mainlyof current-mirroractivepixelswith Figure 14 and 15 showsvariations
differentsizes:(a)lxl mm2(thetwopixels: outputvoltagewithlightintensityof green
u andv), (b)500x500J!m2(thefourpixels: andred lightsemittingdiode.It showsa
q, r, sand t) and(c) 200x200J!m2(the logarithmicrelationof outputsignal in
sixteenpixels:a - p), eachconstitutedof a functionofemittinglight(Lux).
photodiodewithcontrolswitchandcurrent Thetestresultalsoshowsvariationsof
outputamplifiercircuits. photocurrentindynamicmode.Inthismode,
Thephotoresponseoftestphotodiodeslightemittingdiodeis drivenwitha pulse
on thechip is obtainedby measuringthe generator.ResultspresentedinFigure16and
photocurrentunderillumination(Lux)from 17areobtainedwithagreenLED calibrated
greenandred light emittingdiode.Table fora 0.4luxillumination.Resultsshownin
1 summarizesthe overall measurementFigure18and19areobtainedwitharedLED
characteristics. calibratedfora0.3luxillumination.In these
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Figure17.Photocurrentin DynamicMode
with2 mmx 2 mmAreaUsingGreenLED
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Figure18.PhotocurrentinDynamicMode
with1mmx 1mmAreaUsingRedLED
Figure19.PhotocurrentinDynamicMode
with2mmx2mmAreaUsingRedLED
figures,theuppercurvesrepresenttheLED DeRenzo,S.E. Holland,S.E., Pedrati-
voltageinputandthelowercurvesrepresent Noy, M., Kriege, B., Mandelli, E.,
thesensoroutput. Meddeler,G.,Wang~N.W.,andWitt,E.K.
"A Compact16-ModuleCameraUsing
64-Pixel Csi(TI)/Si PIN Photodiode
ImagingModules,"IEEE Trans.Nuc/.
SeL,vol.49,pp.2228-2235,2002.
Erard,OlivierandValaud,Fabien.Instruction
Manualof IC_Stationin LayoutMode
andReationofaPhotodiodeofTheType
P. UniversityofBurgundy.
HamamatsuCorporation.Photomultiplier
Tubes:PMT Handbook.
Majewski,S.,Kieper,D.,Curran,E.,Keppel,
c., Kross,B.,Palumbo,A. "Optimization
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Conclusionsand Perspectives
A 2 squaremillimetersareaof CMOS
activephotodiodesensorwithcurrentmirror
amplifierhasbeenfabricatedusinga0.6Ilm
CMOSprocess.Theexperimentalresultshow
thatthissensorhaslogarithmicresponsein
illuminationandis capableof detectingvery
lowgreenlightsemittingdiode.Theseresults
allowustoconsiderusingofthistechnology
innewsolidstategammacameras.
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